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Sites of ammonia addition to tubular fluid in rats with chronic
metabolic acidosis. The purpose of this investigation was to determine in
which nephron segments ammonia was added to or removed from the
lumenal fluid of the rat. Ammonium was measured in proximal and
distal tubular fluid samples obtained by micropuncture and in collecting
duct fluid samples obtained by microcatheterization. Water abstraction
was assessed by examining the tubular fluid-to-plasma inulin concentra-
tion, (TF/P)1. In normal or acidotic rats, the vast bulk of the final urine
ammonium appeared in the proximal tubular fluid samples. Most of this
ammonia was lost, however, in transit from the proximal to the distal
tubule so that only 20 to 30% of the excreted ammonium was present at
the distal site. Ammonia reentered the lumenal fluid primarily in the
cortical collecting duct in acidotic rats and in the medullary collecting
duct in normal rats, Although the pattern was qualitatively similar in
both groups of rats, the absolute quantity of ammonium in each nephron
segment of normal rats was about 10 to 20% of that in acidotic animals.
Sites de l'addition d'ammoniaque au liquide tubulaire chez les rats en
acidose metabolique chronique. Le but de cette étude a été d'identifier
les segments du néphron oü l'ammoniaque est ajouté ou soustrait du
liquide tubulaire chez le rat. L'ammoniaque a été mesuré dans les
échantillons de liquide proximal et distal obtenus par microponction et
dans les échantillons de liquide du canal collecteur obtenus par micro-
cathétérisation. La soustraction d'eau a été évaluée par le rapport
liquide tubulaire/plasma de l'inuline. Chez les rats normaux et en
acidose Ia majorité de l'ammoniaque de l'urine definitive apparait déjà
dans les échantillons tubulaires proximaux. La plupart de cet ammo-
niaque cependant est perdu entre le tube proximal et le tube distal si
bien que 20 a 30% seulement de l'ammoniaque excrété est present au
site distal. L'ammoniaque entre a nouveau dans Ia lumière tubulaire
principalement dans le canal collecteur médullaire chez les rats nor-
maux. Bien que les modalités soient qualitativement semblables dans
les deux groupes de rats Ia quatitC absolue d'ammoniaque dans chaque
segment tubulaire des rats normaux est environ 10 a 20% de celle des
animaux en acidose.
Extensive investigations in the past have shown the impor-
tance of renal ammonia production and ammonium excretion in
the maintenance of acid-base balance. Acid loads, whether
exogenous or endogenous, lead to about a fivefold increase in
ammonium excretion (for review, see Ref. 1). Ammonia is first
synthesized from glutamine in the renal cortex and enters the
proximal tubular fluid by the process of non-ionic diffusion (for
review of biochemistry, see Ref. 2). The medullary structures
also appear to play an important role in the addition of ammonia
to the final urine [3—71, presumably as a result of ammonia
transfer from the loop of Henle to the collecting duct [8,9]. In a
recent report, we demonstrated that about 50% of the ammoni-
urn excreted in rats fed a moderately high protein diet was
achieved by direct addition of ammonia to the fluid in the
medullary collecting duct [71.
The purpose of the present study was to estimate the amount
of ammonium contained in the various nephron segments in
normal rats and in rats with chronic metabolic acidosis. Results
to be reported indicate that during chronic metabolic acidosis
induced by ammonium chloride feeding, ammonium excretion
increased eightfold. About 80% of the ammonium excreted was
found in the superficial proximal tubules, but only 30% was
found in the superficial distal tubules. There was a subsequent
readdition of ammonia along the collecting duct with the bulk of
addition occurring in the cortical collecting system under these
conditions. A similar pattern was seen in normal rats, but the
quantities were approximately 10 to 20% of those in the acidotic
rats.
Methods
Normal and acidotic male Sprague-Dawley rats (weight 240
to 320 g) were studied. Chronic metabolic acidosis was induced
by adding ammonium chloride (0.3 M in 5% sucrose) to the
drinking water for 5 days prior to the study. For renal clearance
studies, collecting duct microcatheterization, and micropunc-
ture experiments, the animals were anesthetized with mactin
(100 mg/kg of body wt, i.p.). Following tracheostomy, ajugular
vein and femoral artery were cannulated for infusion, and for
blood pressure measurement and sampling, respectively. The
left kidney was immobilized in a plastic (Lucite) cup, under
oil, the papilla tip exposed by opening the ureter near its
insertion into the kidney and urine was collected by gentle
suction through a ureteral catheter [10]. A priming dose of
Ringer's solution (0.5 mIllOO g of body wt) containing 3H-inulin
(33 p. Cilml) was administered, followed by constant infusion of
the same solution throughout the experiment (0.5 ml/l00 g of
body wt per hour). After surgery was completed, a 40-mm
equilibration period was allowed before collecting urine and
collecting duct fluid samples.
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Consecutive 20-mm urine collections were taken over the
subsequent 2 hours; arterial blood samples (50 to 10 il) were
obtained at the midpoint of each collection. Fine polyethylene
catheters (O.D., 20 to 30 pm) were used to sample collecting
duct fluid as previously described [101. In six normal and six
chronic acidotic rats, samples were obtained consecutively in
the same collecting duct system from near the papillary tip, and
near the corticomedullary junction. The depth of insertion was
measured during withdrawal with a micrometer, and was relat-
ed to the medullary length of the duct system obtained from a
postmortem sagittal section of the kidney. In an addition four
normal and five acidotic rats, late proximal and distal tubular
fluid samples were obtained via micropuncture as previously
described [111, and in addition, collecting duct samples were
obtained from near the corticomedullary junction. The sample
volumes ranged from 10 to 60 nI.
Concentrations of 3H-inulin in plasma and tubular fluid were
measured by liquid scintillation counting, sodium and potassi-
um in plasma and urine by flame photometry, and chloride by
electrometric titration [71. To measure the ammonium concen-
tration in fluid samples, we first coupled ammonium enzymati-
cally with '4C-2-oxoglutarate in a total volume of 0.5 to 1.0 1.d,
and the resultant '4C-glutamate was separated by ion-exchange
chromatography before analysis in a liquid scintillation counter
[121. This method could readily detect as little as 10 pmoles of
ammonium. A standard curve was run with each experiment.
Results
Plasma values and clearance data. The plasma electrolytes,
blood pH and Pco2, blood pressure, hematocrit, and, more
important, the ammonium excretion rates were similar in the
two groups of normal rats and the two groups of rats with
chronic metabolic acidosis. The pooled results are shown in
Table 1. The normal rats had a mean blood pH of 7.39 and a
plasma bicarbonate concentration of 27 mEq/liter, whereas the
animals fed ammonium chloride had a hyperchloremic metabol-
ic acidosis with a mean blood pH of 7.30 and a plasma
bicarbonate of 21 mEq/liter. In rats with chronic metabolic
acidosis, the ammonium excretion rate was eightfold greater
than that observed in anesthetized normal rats (Table 2).
Collecting duct data. The initial group of experiments was
designed to determine the contribution of the medullary collect-
ing ducts to the ammonium content of the urine. The results of
collections from the beginning of the medullary collecting duct
(corticomedullary junction region, 5 to 8 mm deep in medulla)
and the end of the duct (distal 1 mm) in rats with chronic
metabolic acidosis are shown in Figs. 1 and 2. The mean values
for TFNH4/(TF/P)lfl, an index of ammonium content in collecting
duct fluid, increased from 0.14 0.03 near the beginning of the
duct to 0.19 0.03 at the end in the normal rats shown in Fig. 1
(P < 0.025, N = 10paired samples). For comparison, the mean
value for the TFNH4/(TF/P)Ifl at the beginning and end of the
medullary duct increased from 1.16 0.12 to 1.60 0.07, (P <
0.01, N = 21 paired samples) in the rats with chronic metabolic
acidosis (Fig. 2). In both groups, urine ammonium excretion
was similar to end-duct ammonium content. Because about 25%
of excreted ammonium was added in the medullary collecting
duct in normal and acidotic rats, further experiments were
carried out in which surface proximal and distal convoluted
tubules were sampled, as well as the corticomedullary region
(beginning) of the medullary collecting duct.
Table I. Mean blood values in normal rats and in rats with chronic
metabolic acidosisa
Normal
(N=l0) Chronic metabolic acidosis(N=Il)
Sodium, mEqiliter 142 1 140 I
Potassium, mEqiliter 4.4 0.1 4.1 0.1
Chloride, mEqiliter 106 4 111 2
Bicarbonate, mEqiliter 27 0.3 21 lb
Pco2, mm Hg 45 1 41 2
pH 7.39 0.01 7.30 0.02"
Blood pressure, mm Hg 127 5 127 3
Hematocnt, % 46 2 48 I
a For details, see Methods section, The results are presented as the
means SEM. The number of animals is shown in parentheses.
b p < 0.01 for effect of chronic metabolic acidosis.
Table 2. Renal parameters in experimental kidneys of normal rats and
rats with chronic metabolic acidosisa
Norm(N= al10)
Chronic metabolic acidosis(N=ll)
GFR, mI/mm 0.83 0.03 0.80 0.03
Flow rate, pJ/min 3.1 0.6 7.1 1.3
UNaV, nEqlmin 155 50 346 104
UKV, nEq/min 358 132 379 100
Uc,V, nEqlmin 350 130 1850 374
UNH4V, nEqlmin 145 12 1123 84
Net acid, nEq/min 214 45 1310 91
Urine pH 6.5 0.2 6.3 0.1
a For details, see Methods section. Results are presented as
means SEM. The number of animals is shown in parentheses.
b p < 0.01 for effect of chronic metabolic acidosis.
the
Segmental nephron data. The mean values for tubular fluid
ammonium concentration (TFNH4), tubular fluid to plasma
inulin concentration ratio ([TF/P}1) and TFNII4 /(TF/P)1 at the
late proximal tubule, distal tubule, beginning of the medullary
collecting duct and in the pelvic urine of the second groups of
normal and acidotic rats are shown in Tables 3 and 4, respec-
tively. In both groups of rats, the pattern of the ammonium
concentration was similar in the proximal and distal tubular
fluid samples, but the absolute value in normal rats was
approximately one fifth of that observed in the acidotic rats.
Samples of fluid obtained from the beginning of the medullary
collecting duct had an ammonium concentration that was
almost an order of magnitude higher than the distal tubular fluid
samples in both groups of rats. A further similar rise was seen
following transit through the medullary collecting duct. The
(TFJP)1 rose fourfold to fivefold between the proximal and
distal tubules, another twofold to fourfold in samples obtained
at the beginning of the medullary collecting duct, and another
fivefold over the length of the medullary collecting duct in both
groups of rats. Accordingly, the index of ammonium content
fell from 0.20 to 0.04 in the normal rats and from 1.45 to 0.56 in
the acidotic rats between the proximal and distal tubules. This
index rose appreciably in fluid obtained at the beginning of the
medullary collecting duct and rose even further by the end of
the medullary collecting duct in both groups of rats. The
majority of the rise between the distal tubule and pelvic urine
occurred after the beginning of the medullary collecting duct in
normal rats and prior to this site in the acidotic rats.
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Discussion
This study is the first in which the ammonium concentration
was measured both in samples from superficial proximal and
distal tubular fluid obtained by micropuncture and from fluid
obtained along the medullary collecting duct by microcatheteri-
zation. Water abstraction was evaluated by measuring the
(TF/P)1 in these samples, and these observations permitted an
analysis of the relative contributions of the various nephron
segments in nondiuretic normal rats and rats with chronic
metabolic acidosis. The index defined for relative ammonium
content, TFNH4/(TF/P)lfl, can be used to assess ammonia move-
ment along the nephron, assuming that punctured tubules are
representative of the total nephron population.
Proximal convoluted tubule. In normal rats, the mean ammo-
nium concentration in the proximal tubular fluid was 0.7 mM.
This is similar to previously reported values [4, 5]. The ammoni-
urn concentration was much higher in rats with chronic meta-
bolic acidosis and reflects to a large degree, the increased
ammoniagenesis in the renal cortex during acidosis (for review,
see Ref. 2) and possibly also a lower luminal fluid pH under
these conditions.
In chronic metabolic acidosis, the bicarbonate concentration
in the proximal convoluted tubule of the rat declines progres-
sively and is inversely related to the severity of the acidemia
[13]. Previous studies, also performed during metabolic acido-
sis, demonstrated that the bicarbonate concentration in proxi-
mal tubular fluid varied between 1 and 3 m, and the tubular
fluid pH decreased to approximately 6.4 (for review, see Ref.
14). The significant decline in the pH of the proximal tubular
TFNH4 (TF/P)1 TFNH4/(TF/P)Jfl
Proximal tubule 0.7 0.2 3.5 0.4 0.20 0.07
Distal tubule 0.8 0.5 19 4 0.04 0.02
Outer medulla 4.5 0.8 46 3 0.10 0.02
Urine 53 13 293 33 0.19 0.03
a Values are the means SEM.
TFNH4 (TF/P)1 TFNH4/(TF/P)Ifl
Proximal tubule
Distal tubule
Medullary collecting duct
Urine
3,2 0.1
4.0 0.7
40 3
238 27
2.4
7.8
31
157
0.1
0.7
4
40
1.45 0.13
0.56 0.11
1.44 0.07
1.76 0.17
a Values are the means SEM.
fluid facilitated the trapping of ammonia within the lumen. In
rats with chronic metabolic acidosis, the ammonium concentra-
tion averaged 3.2 m (Table 4), and this was higher than the 1.5
m concentration reported by previous investigators [4, 5].
Both of these groups used mannitol in the preparation of their
animals, and this should initially expand the ECF volume.
Either the ECF volume expansion or the osmotic diuresis
produced by mannitol may have altered proximal acidification
4.00.4 -
0
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I
Base Tip
Fig. 1. Paired collections obtained in individual duct systems of normal
rats. The base collections were taken near the corticomedullary border;
and tip collections, near the orifice. Mean values SEM are indicated
by the closed circles.
U-I-
I2
Fig. 2. Paired collections obtained in individual duct systems of rats
with chronic metabolic acidosis. The base collections were taken near
the corticomedullary border and tip collections near the orifice. Mean
values SEM are indicated by the closed circles.
Table 3. Ammonium concentration and (TF/P)1 in nephron segments
in normal ratsa
Base Tip
Table 4. Ammonium concentration and (TF/P) in nephron segments
in rats with chronic metabolic acidosisa
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Fig. 3. Ammonium content in nephron segments. The mean value for
the relative tubular fluid ammonia content at the late proximal tubule
(PT); distal tubule (DT), beginning of the medullary collecting duct
(MCD), and in the pelvic urine are shown for each rat with chronic
metabolic acidosis. The data was averaged from 3 to 5 samples at each
nephron site in the five animals. The data from individual rats are
connected by a line.
and could have been responsible for the observed differences
[15]. Parenthetically, the cortical NH, values were probably
similar in all the studies because the distal tubular fluid ammoni-
urn concentrations were equal (ammonia is in diffusion equilib-
rium in all cortical structures [161).
The proximal tubular TFNH4/(TF/P)lfl was 0.20 in normal rats
and 1.45 in acidotic rats, whereas in urine it was 0.19 in normal
rats and 1.76 in the urine of acidotic rats. Thus, the proximal
tubule contained the bulk of the ammonium which ultimately
appeared in the urine. This assumes that the superficial proxi-
mal tubules are representative of the entire nephron population.
Loop of Henle. Robinson and Owen [17] demonstrated that
the ammonium concentration rises progressively from the cor-
tex to the medullary tip during antidiuresis. Possible explana-
tions for this phenomenon include: (1) ammonia production
from glutamine by medullary tubules, (2) elevation of the
ammonium and ammonia concentrations by water abstraction,
and (3) a rise in the loop of Henle fluid pH due to the
concentration of bicarbonate by water abstraction. The first
possibility seems unlikely to totally explain the data in normal
and acidotic rats because the enzymes responsible for ammoni-
agenesis show significant adaptive increases during chronic
metabolic acidosis only in the proximal tubule [18]. Further-
more, there is net loss (Tables 3 and 4) rather than net gain of
ammonium in fluid transiting through the loop of Henle. Con-
centration of ammonia and ammonium by water abstraction,
the second mechanism, will not alter the tubular fluid pH, and
because micropuncture data [8, 9] have demonstrated a rise in
pH between the proximal tubule and medullary tip, this mecha-
nism may only play a limited role in the generation of the
elevated medullary ammonia concentration. As for the possible
role of bicarbonate, the third mechanism, water abstraction
should lead to a progressive rise in the bicarbonate concentra-
tion as fluid transits the loop of Henle. The Pco2 of this fluid is
held constant by diffusion equilibrium with the peritubular
blood; this would result in a fall in the hydrogen ion concentra-
tion of the loop of Henle fluid. A decrease in hydrogen ion
concentration would shift the equilibrium of the ammonia
reaction to the right (NH4-*NH3 + H), causing a rise in the
medullary PNH3. Consequently, it follows that back-titration of
ammonium in the ioop of Henle results in bicarbonate removal
at more distal sites using protons that were secreted in the
proximal tubule. Last, for the hydrogen ion concentration to
fall, the fluid in the loop of Henle must have a higher bicarbon-
ate than ammonium concentration; otherwise, this alkaliniza-
tion would be prevented by the release of protons from ammo-
nium [19—21].
Distal convoluted tubule. In normal rats, the mean ammoni-
urn concentration in distal tubular fluid was similar to that
observed in the proximal tubular fluid (Table 3). But, the
(TF/P)1 was increased more than fourfold, indicating that the
volume was now less than one quarter of that in the proximal
tubule. The bulk of the ammonium that was present in the
proximal tubular fluid was therefore lost prior to sampling in the
mid or end distal convoluted tubule. This loss probably oc-
cuned in the loop of Henle but we cannot exclude the possibili-
ty of a loss in the distal convoluted tubule upstream from the
sampling site.
Our data show that the ammonium concentration in the distal
tubule of acidotic rats was 25% higher than the corresponding
value in the proximal tubule (Table 4), but, because there was a
threefold rise in the (TF/P)1, the total ammonium content in
distal tubular fluid was also markedly reduced in these animals.
These data differ from those of Hayes et al [5] in that these
investigators observed a comparable threefold rise in the
(TF/P)1, but, in contrast to our studies, there was a threefold
rise in the ammonium concentrations between the proximal and
distal tubules. Accordingly, they could not demonstrate a loss
of ammoniuni from the fluid transiting the loop of Henle. The
discrepancy between the two studies may be due to the use of
mannitol in the preparation of their animals, which resulted in a
less acidic proximal tubular fluid as discussed earlier. As a
matter of fact, because the PNH3 is equal in proximal and distal
convoluted tubules [16], a threefold higher ammonium concen-
tration in their studies [5] would require that the pH of the distal
tubular fluid must have been 0.5 pH units lower than in the
proximal tubular fluid. Such a pH change is not usually ob-
served in tubular fluid samples from rats with chronic metabolic
acidosis (for review, see Ref. 14), but might occur with the use
of mannitol.
Collecting duct. There was approximately a 60-fold rise in the
ammonium concentration between the distal convoluted tubule
and the final urine in both groups of rats. Moreover, in the rats
with chronic metabolic acidosis, most of the ammonium was
present prior to the sampling site near the corticomedullary
junction (Fig. 3). These results differ from those observed in
rats with acute metabolic acidosis [22] or rats fed a high protein
0.5
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Table 5. Calculated ammonium loads at the beginning and at the end of the medullary collecting systerna
Rats
Ammoniurn delivery to collecting duct
Ammonium added
nEq/min/g of kidney
Outer medulla
-
Near orifice
nEqiminig of kidney
Normal 120 20 160 30 40 10
High protein fed 314 61 544 69 231 68
Chronic metabolic acidosis 867 90 1180 127 313 82
diet [7]. In both of these studies, about 50% of the ammonia
excreted in the urine entered via the medullary collecting duct.
The reason for this difference is not known, but conceivably
might be explained by a combination of nephron heterogeneity
and quantitative differences between the tubular fluid bicarbon-
ate and ammonium concentrations in acute and chronic meta-
bolic acidosis. Superficial and deep nephrons join the collecting
duct in the cortex prior to the corticomedullary sampling site
[23, 24]. If the NH4/(TF/P)1 was much higher in the juxtame-
dullary nephrons, this could have explained the results. It is
possible that the proximal tubular fluid acidification is more
pronounced in the deep nephrons [251, resulting in a lower
bicarbonate concentration and to increased trapping of ammo-
nia. If the ammonium concentration exceeded that of bicarbon-
ate, then water abstraction would be expected to lower the
tubular fluid pH rather than increase it [19—21]. Thus, the
transfer of ammonia from the 1oop of Henle to the medullary
collecting duct would be impaired when the tubular fluid with a
higher ammonium content transits the long loops. On the other
hand, when the bicarbonate concentration is higher in the
superficial proximal tubules, alkalinization due to the concen-
trating process would generate ammonia during transit in the
loop of Henle and result in the transfer of ammonia to the
cortical collecting duct from the short loops.
The delivery of ammonium to the medullary collecting duct
can be estimated by multiplying the TFNH4/(TF/P)lfl by the
corresponding GFR in the experimental kidney. It is of interest
to make some quantitative comparisons of ammonia addition to
duct fluid between the present results and our previous report
[7] in which ammonium excretion was increased by feeding rats
a high protein diet (Table 5). Ammonium excretion can be
augmented by either enhanced delivery via the cortical collect-
ing duct or by increased transfer of ammonia from the 1oop of
Henle to the medullary collecting duct. In normal rats, ammoni-
urn delivery via the cortical collecting duct was 120 nEq/min/g
of kidney, and a further 40 nEq/min/g of kidney were added in
the medullary collecting duct. The rats fed a high protein diet
had an increased rate of ammonium excretion as a result of
increases both in delivery of ammonium and transfer of ammo-
nium to the medullary collecting duct. In the chronic acidotic
rats, ammonium excretion was further increased, almost exclu-
sively due to enhanced delivery from the cortical collecting duct
because there was little difference in the amount of ammonium
added in the medullary collecting duct when compared with the
high protein fed animals.
In summary, ammonia is thought to be synthesized in the
renal cortex and trapped in the lumenal fluid by the process of
nonionic diffusion. In normal rats and rats with chronic meta-
bolic acidosis, at least 80% of the ammonia that appears in the
final urine was already present in the proximal tubular fluid.
But, most of this ammonia was lost in the transit between the
proximal and distal tubules, presumably by diffusion from the
loop of Henle to the collecting duct. Consequently, less than
one third of the final urine ammonia was found in the distal
convoluted tubule. This quantity had increased substantially at
the time of arrival at the corticornedullary sampling site, and
there was a further addition during transit through the medul-
lary collecting duct in both groups of rats.
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